. Introduction Photostriction materials convert light directly to physical movement.1)-4) The mechanism of photostriction is explain ed by superposition of the photovoltaic effect and piezoelec tricity. When homogeneous noncentrosymmetric materials such as ferroelectric single crystals and polarized ferroelec tric ceramics are uniformly illuminated, a high voltage which considerably exceeds band gap energies is generated without external fields.5) In certain ferroelectrics, photo voltage is of the order of kilovolts to megavolts per cen timeter. At the same time a mechanical strain is induced along particular directions in the ferroelectrics y means of the piezoelectric effect. This property enables the ferroelec trics to be used as photo driven actuators, capable of wireless remote control and hence suitable for application in devices that are difficult to connect to power supply wires. These optical actuators have been receiving a conn siderable amount of attention in fields related to micro mechanisms, ultrahigh vacuum and space technologies. Op tical actuators are also anticipated as being used as driving components in electromagnetic-noise-free systems which use optical control. Furthermore, the photostriction effect has recently been applied in trials conducted for fabricating a photophomc device, intended for transforming light direct ly into sound on the basis of mechanical vibration induced upon intermittent illumination.2)
The photostriction effect is studied mostly for ferroelec tric polycrystalline materials from a practical application point of view; lead lanthanum zirconate titanate (PLZT) ceramics are typical photostriction materials owing to their relatively high photostrictive efficiency and ease of preparatiom6) In these studies it is shown that one of the most significant requirements is improvement of slow response speed of the PLZT ceramics. The required degrees of enhancement are thought to be different in in dividual applications; for example, it is reported that the mechanical resonance frequency of the photostrictive PLZT bimorph-type devices as photo-acoustic compo nents2) needs to be increased at least two to three fold to facilitate easy hearing of the sound.7) To improve the photo striction effect many factors such as material composition, microstructures, material preparation method, and impuri ty doping have been investigated.2), 3) We have reported the effects of heat treatments in different atmospheres} and of doping of various impurity elements,9) as well as their combined effects,10) on the photovoltaic properties of PLZT ceramics. Both photovoltaic current and photovoltage are found to be markedly increased by the heat treatment in nitrogen. Con cerning the doping effects, we found a clear relationship bet ween the photovoltaic response and the kind of doped ions such as donor, acceptor, easily variable valency, and re mainders. In order to introduce doping effects, sample preparation considering charge compensation for elec troneutrality is found to be critical. The photovoltaic response is increased by doping with donor ions such as Ta and W.11) It is also clarified that additivity holds for the effect of nitrogen treatment and that of donor doping. We in vestigated the photovoltaic response for the samples doped with various amounts of Ta, before and after the nitrogen treatment.10) Before the nitrogen treatment, both the photovoltaic current and photovoltage exhibited maxima for around 1.5mol% of doped Ta. Similar changes in photovoltaic behavior with various doping amounts of Ta were also observed in the nitrogen-treated sample. However, the values of photovoltaic current and 3. Results and discussion 3.1 Piezoelectric properties Figure 1 shows the variation in piezoelectric parameters with heat treatment in nitrogen for the samples doped with various amounts of Ta. In the samples pretreated in nitrogen, the values of k33, d33 and dielectric constant were increased by doping with Ta and showed maxima for around 1.5mol% of doped Ta. This increase in the piezoelectric parameters is well-known as the softening effect of donor doping.13) Very similar results were obtain ed from the nitrogen-treated samples. Before and after the nitrogen-treatment, these piezoelectric parameters were found to change negligibly, in contrast to the notable change in the photovoltaic properties mentioned above. Prisedsky14) studied the effect of oxygen nonstoichiometry on piezoelectric properties of a PZT material and reported that the lowering of oxygen partial pressure during heat treatment of nondoped sample produces an effect similar to that of doping with donor ions, but such treatment does not give as large an effect as that of impurity doping.
Photostrictive response
The photostriction can be expressed by x(t)=d33E{1-exp(-t/RC)} (1) where x(t) is the photostriction, E the saturated photovoltaic field, t the time, R the resistance under il lumination, and C the capacitance.1),3),4) An increase in the photovoltaic current decreases the values of R and con tributes to the overall response. It is also reported that the values of C are little affected by illumination and depend mostly on the dielectric constant.4) Then, we also estimated the values of C from the dielectric constant shown in Fig. 1 . When the sample is optically irradiated, photostriction oc curs progressively following RC as the time constant, in order to achieve the maximum strain of d33E. Figure 2 shows the variation in the time constant, RC with heat treatment in nitrogen for the samples doped with various amounts of Ta. The values of R were calculated from the ratio of the photovoltage and the photovoltaic cur rent previously reported.10) Before the nitrogen-treatment, the samples showed minimum of RC around 1mol% of doped Ta. Above 3mol% of doped Ta, RC again decreased slightly due to the lower densities of the samples. After the nitrogen-treatment, the values of C further decreased and showed a minimum value similarly around 1mol% of doped Ta. The value of RC was thus found to be lowered due to such a combined effect resulting in an improved photostric tion response. By comparing the value of RC in the sample doped with 1mol% Ta before the nitrogen-treatment with that in the nondoped sample after the nitrogen-treatment, the latter was noted to be fairly low. It was thus found that the degree of contribution toward lowering the value of RC by the nitrogen-treatment was somewhat larger than that by the doping with Ta. The strains actually observed in the initial part are found to agree well with those calculated from Eq. (1) in each sample, but later the measured strains gradually became somewhat larger than the calculated values. This result sug gests that the values of d33E for the measured strain curves are larger than those calculated with the parameters given in Table 1 : to clearly explain the reasons for this difference a further experiment is needed. Considering the strain ratios among the samples, however, the ratios (ra) estimated from the measured strain data (xmeas) are in close accordance with those (rb) estimated from the calculated strain data (xcal) for each sample as shown in Table 1 ; the ratios are expressed in terms of relative strain values when xmeas and xcal in the nondoped sample (pretreated in nitrogen) are the units. This result indicates that the in crease in the photostrictive response actually measured im plies the real improvement, which is expected from the effects of the nitrogen-treatment and of the doping of Ta, as well as from their combined effect.
